A novel thermosensitive adsorbent was developed, which adsorbs and/or desorbs heavy metals through temperature swing process. The gel-type and polymer-type adsorbents, composed of N-isopropylacrylamide (NIPA) as a thermosensitive component and 2-methacryloyloxyethyl phosphate (MEP) as an interactive component, were prepared by free-radical copolymerization. For each type of poly(NIPA-co-MEP), phase transitions and temperature dependences for the amount of Cu, a model metal ion, adsorbed was examined. The proposed mechanism associated with the temperature swing adsorption of Cu to poly(NIPA-co-MEP) is as follows. In the case of the shrinking gel at higher temperatures, two MEP groups are positioned so as to interact with one Cu ion, while in the swelling gel at lower temperatures, Cu is desorbed from isolated MEP groups. In the case of copolymers, at temperatures lower than the lower critical solution temperature (LCST), two MEP groups interact with one Cu ion as well as those in shrunken gels, and at temperatures higher than the LCST, an aggregate of the copolymer, which is strongly hydrophobic, ejects free water along with Cu ion in the shrinking process. The temperature dependences for adsorption to the copolymer are opposite to gels, even in the gel with a low density of crosslinking points.
Introduction
Thermosensitive gels have attracted a great deal of attention for the applications to drug delivery systems, actuators and so on.
peroxodisulfate (2 mol/m 3 ), an initiator, were used. The polymerization was carried out at 10°C for gels and 25°C for copolymers under a nitrogen atmosphere with a reaction time of 24 hours. The resulting gels and copolymers were extensively washed with deionized water to remove the unreacted monomers. In washing the copolymers, a cellulose tubular membrane with a molecular weight cut off, MWCO, of 13000 was used. The gels were cut into cubes having a side length of a few millimeters and were dried in an oven at 50°C. Similarly, to investigate the swelling/shrinking properties, a cylinder-shaped gel was prepared using a glass tube with a 6.0 mm inside diameter.
Measurements of swelling diameter of hydrogels and spectrophotometric analysis of aqueous solution of polymers
The swelling diameter of the cylinder-shaped gel was measured as a function of temperature. The ratio of the diameter to the length of the gel was 1:1. The gel was initially immersed in water at 10°C. The diameter, at equilibrium, was measured with a microscope. The temperature was then increased, in increments, and the diameter was measured at each temperature.
To investigate the phase transition of the polymer, the transmittance through an aqueous solution of the polymer was taken as a measure of the turbidity and was measured with a spectrophotometer at the specific temperature. The concentration of the polymer solution used was 5 kg-dry polymer/m 3 and distilled water was used as the reference. The transmittance of the solution was measured at 600 nm, taking into account of the sensitivity for its change.
Adsorption experiments
The dry gel, 0.05 -0.2 g, and an aqueous solution of CuCl 2 ·2H 2 O in 15 -20 cm 3 were mixed in a vial, in which the initial concentration of Cu was 1.0 mol/m 3 and the pH was ca. 5.2. The vial was first shaken in a water bath at 10°C for one day to allow the gel to swell. The vial was held at the desired temperature for one day, which was a sufficient period for equilibrium to be attained. The initial and equilibrium concentrations of Cu in the solutions were measured by inductively coupled plasma spectroscopy, ICP (SPS3000, Seiko Instrument Inc.). The equilibrium amount of Cu adsorbed on the gel, which is the net amount of Cu interacted with polymer, was determined from the mass balance on the basis of the assumption that the concentration of free Cu, i.e. non-interacted Cu with polymer in water retained in hydrogel was the same as that in the solution out of gels.
The experiments on the adsorption of Cu on the copolymers were carried out in basically the same manner as was used for the gels. Two types of solutions, 5 cm 3 of a 2 wt% aqueous solution of polymer and 40 cm 3 of a 0.5 mol/m 3 aqueous solution of Cu, were brought into contact via a tubular cellulose membrane with a MWCO = 6000.
The polymers in the inner solution did not diffuse via the membrane, while Cu ions diffused from the outer solution to the inner solution. The outer solution was stirred in adsorption experiments. The equilibrium amount of Cu adsorbed on the polymer was determined from the decreased amount of Cu ions in the outer solution.
Measurements of dissociation of phosphate groups
In order to determine the dissociation constant for phosphate groups in the MEP similarly to the copolymer. POLY is insoluble at temperatures higher than ca. 33°C of the LCST and the aggregate is formed over 50°C. The hydrophobicity of POLY increases with an increase in temperature above the LCST and the strong aggregation of the polymer caused by the hydrophobicity leads to poor adsorbability.
Results and Discussion

Phase transitions of hydrogels and polymeric aqueous solutions
Temperature dependence for the amount adsorbed
The amounts of Cu adsorbed to GEL and POLY are largely dependent on temperature. It should be noted that the adsorption behavior of the gel and the copolymer are different, i.e. the amount of Cu adsorbed to GEL increases with an increase in temperature, while that to POLY decreases. The mechanism of adsorption will be discussed later for each situation. Although the contents of MEP in GEL and POLY are almost the same (see Table 1 ), the maximum amount of Cu adsorbed on GEL is smaller than that on POLY. The lower adsorbability of GEL can be attributed to the dual role of the crosslinking points, which prevent the gel-network from deforming and function as the obstacle to adsorption.
Temperature swing adsorption
The feasibility of TSA, i.e. the control of adsorption and desorption by changing of Cu adsorbed to GEL is high at 40°C and low at 30°C, that is, the NIPA-co-MEP gel adsorbs and desorbs reversibly. In Fig. 5 (b) , the amount of Cu adsorbed to POLY decreases when the temperature is increased and then increases again when the temperature is lowered. However, the amount adsorbed in the second run at 30°C is somewhat smaller than that for the initial run of 30°C. That can be attributed to the fact that the aggregation of the polymer once formed at 60°C was not completely disrupted at 30°C due to the absence of stirring in cellulose tubular membrane containing the polymer.
Dissociation of phosphate groups
To explain the temperature dependence for Cu adsorption on poly(NIPA-co-MEP),
an understanding of the interaction of MEP and Cu is important. The dissociation of phosphate groups, shown in Eqs. (1) and (2), in the NIPA-co-MEP polymer (POLY) and MEP monomer was investigated.
(1)
(2) Figure 6 shows the pH titration curves for aqueous solutions containing POLY and MEP monomer with aqueous NaOH at 25°C. For the MEP monomer, the two-step dissociation corresponding to Eqs. (1) and (2) 
where Eqs. (5) and (6) are the mass balance and the electroneutrality, respectively.
The subscript "0" in Eq. (5) denotes the initial concentration of phosphate groups. The values of K a1 and K a2 obtained were K a1 = 7.0 X 10 -3 and K a2 = 1.6 X 10 -7 for the MEP monomer and K a1 = 1.2 X 10 -7 and K a2 = 1.6 X 10 -11 for POLY, respectively. The regression curves based on these dissociation constants are shown in Fig. 6 .
The mole fraction of phosphate group dissociated can be calculated using the dissociation constants obtained. Figure 7 shows the dissociation diagram for the phosphate group in POLY and MEP monomer as a function of pH at 25°C. The phosphate groups in both POLY and the MEP monomers are undissociated at lower pH.
This explains the observed phenomena that the NIPA-co-MEP gel (GEL) did not adsorb any Cu at the pH = 2.06. A two-step dissociation then occurs as the pH increases.
The phosphate group in POLY is dissociated at a higher pH than that in the MEP monomer. This can be attributed to the smaller amount of free water around the phosphate group in POLY due to the presence of polymer chains in comparison with the case of MEP monomer.
Adsorption mechanism
The proposed mechanisms for Cu to be adsorbed to the poly(NIPA-co-MEP), GEL and POLY, are as follows: GEL adsorbs and desorbs Cu at 40°C and 30°C, respectively, as shown in Fig. 5 (a) . GEL shrinks and swells at 40°C and 30°C, respectively, as shown in Fig. 3 . The two-step dissociation of the phosphate group in POLY occurs at quite high pH ranges, as shown in Fig. 7 . Therefore the first stage of dissociation of the phosphate group in GEL should occur at pH = ca. 5.2, the pH where the adsorption experiment was carried out. From these results, the mechanism of TSA for Cu on NIPA-co-MEP gels is what is schematically shown in Fig. 8 . In the shrinking gel at higher temperatures, two MEP groups are brought into the vicinity and interact with one Cu ion. On the other hand, in the swelling gel at lower temperatures, Cu is desorbed from isolated MEP groups. However, taking into account the fact that GEL is not completely desorbed by the temperature swing, only a limited portion of the MEP contributes to the TSA. In other words, a portion of the MEP continues to exist in pair and adsorbs Cu ions, irrespective of the gel swelling pattern.
At temperatures lower than 40°C, the amount of Cu adsorbed to the NIPA-co-MEP polymer, POLY, is a large constant value but decreases substantially with an increase in temperature, as shown in Fig. 4 . Figure 9 shows the photos of an aqueous solution containing POLY during the adsorption experiment. water. The fact that Cu is adsorbed to the copolymer at 40°C suggests that the hydrophobicity of the copolymer is not so strong and that free water is present, essential for the adsorption of Cu, around MEP. At temperatures higher than the LCST, as can be expected from the shrunken aggregate of the copolymer, free water around MEP is ejected and Cu ion is taken away along with it.
Effect of crosslinking on adsorbability
The temperature dependences for Cu adsorption on gel and copolymer are different, as shown in Fig. 4 . The difference in the structures of gels and copolymers, the presence or absence of the crosslinking points, can be the key factor. Therefore in the case where the density of the crosslinking points in the gels is decreased, the temperature dependence for Cu adsorption to the gels may resemble that for copolymers.
From this viewpoint, the amount of Cu adsorbed to NIPA-co-MEP gels prepared using different concentrations of the MBAA crosslinker was investigated. The results are shown in Fig. 11 . Temperature dependence is the same for MBAA = 10, 30 and 60 mol/m 3 . The amounts adsorbed to the gels of MBAA = 120 and 240 mol/m 3 are somewhat smaller than the values for 60 mol/m 3 . This can be attributed to the relative decrease in MEP content in the gels caused by the increase in MBAA content. In conclusion, even though there are a few crosslinking points in a gel, the temperature dependences for adsorption to gels and polymers can be different. In other words, the steric formation of gel-network crosslinked is limited, while that of the polymer is unlimited.
Conclusions
A novel thermosensitive adsorbent for the TSA of heavy metals was developed.
Gel-type and polymer-type adsorbents were prepared by the copolymerization of NIPA, 
